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Abstract

Objective—Sex plays an important role in the pathophysiology of cardiovascular diseases. This
study aims to investigate how sex impacts on the coronary flow regulation during atherosclerosis.

Methods—ApoE KO mouse fed with western diet were used for atherosclerosis model. Coronary
RH and flow response were measured using Langendorff-perfused isolated hearts.

Results—Coronary RH and A23187-induced NO-dependent flow increases were significantly
reduced in female (by ~28% and 48%, respectively), but not in male atherosclerotic mice.
However, SNP-induced coronary vasodilation remains intact in both sexes of ApoE KO mice. L-
NAME (NOS inhibitor) reduced baseline flow and RH to a lesser extent in ApoE KO (by ~19%
and 31%) vs. WT (~30% and 59%, respectively), and abolished the sex difference in RH. In
contrast, SCH58261 (a selective A AR antagonist) reduced the baseline flow and RH to a
greater extent in atherosclerotic mice, but did not affect the sex difference. Immunofluorescent
staining of coronary arteries showed a similar Aoa AR up-regulation in both sexes of ApoE KO
mice.

Conclusions—Our results suggest that during atherosclerosis, female mice are more susceptible
to NO-dependent endothelial dysfunction and the up-regulation of Ao AR may serve as a
compensatory mechanism to counteract the compromised endothelial function.
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INTRODUCTION

Evolving experimental and clinical data suggest that sex has an important impact on the
pathophysiology of cardiovascular diseases [14, 19, 30]. While young women are believed
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to be protected against cardiovascular diseases due to the beneficial effect of estrogen,
increasing clinical data over the past several decades reveal a higher mortality and
cardiovascular event in female vs. male patients with ischemic heart disease [1, 21, 30]. The
underlying mechanisms responsible for this observation remains unknown, although aging,
variation in risk factors, sex hormones, as well as different pathophysiological changes in
coronary vasculature in females vs. males have been proposed [22, 30].

ApoE KO mouse is considered the best available model for human atherosclerosis [15]. This
animal model displays increased levels of total plasma cholesterol and extensive lipid
deposition in the major arteries, which is accelerated and aggravated by feeding the animals
with western diet, suggesting a similarity with human disease [15, 33]. Using this model,
while majority of studies have focused on mechanisms responsible for plaque formation in
big conductance arteries, less attention has been paid to the impact of hypercholesterolemia/
atherosclerosis on coronary vascular function, especially at the level of microvasculature,
which is of great physiological significance in cardiac perfusion. Clinical and experimental
data showed that cardiac ischemia still occurs despite the absence of atherosclerotic plaque
formation [12, 22, 30], suggesting an essential role of alterations in coronary
microvasculature in the pathophysiology of cardiac ischemia-associated diseases.

Endothelial dysfunction, characterized by an imbalance between vascular relaxing and
contracting factors, pro- and anti-coagulants, and between pro- and anti-inflammatory
mediators particularly in the coronary vasculature, is believed to play important roles in the
pathophysiology of coronary heart diseases [4, 8, 23]. A decreased NO bioavailability was
observed in CAD patients and was correlated with a worse prognosis [4]. Recently,
adenosine, one the of the important players in coronary vascular tone regulation [18], have
been indicated to be an important compensatory mechanism for cardiac metabolic
vasodilation when NO is reduced in human subjects with risk factors of atherosclerosis [17].
In line with the clinical finding, our group has demonstrated an enhanced A,a AR-mediated
coronary vasodilation in ApoE-deficient mouse model of atherosclerosis [32], suggesting a
potential compensatory mechanism of adenosine in opposing the decreased NO-mediated
coronary vasodilation under disease conditions.

Coronary reactive hyperemia (RH) has been suggested to hasten the metabolic and
functional recovery of the heart after ischemia, thus preventing ischemia-induced heart
injury. Impaired coronary reactive vasodilation has been reported in patients with coronary
artery diseases [27, 31] and improvement of coronary RH after angioplasty during acute
myocardial infarction has been shown to help the recovery of regional myocardial function
[31]. We previously demonstrated that A, adenosine receptors (AR) and NO play
important roles in coronary RH in WT mouse [28, 36]. However, little is known regarding
the impact of sex and hypercholesterolemia/atherosclerosis on NO and adenosine-mediated
signaling in RH. Therefore, this study aims to explore the impact of sex on
hypercholesterolemia/atherosclerosis-associated coronary endothelial dysfunction using
isolated Langendorff-perfused mouse hearts. We demonstrated that female ApoE KO mice
have a more severely impaired NO-dependent coronary vasodilation compared with males.
Additionally, a similar level of Apa AR up-regulation was observed between male and
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female ApoE KO mice, suggesting a potential compensatory role in regulating coronary
vascular tone when NO-dependent mechanism is compromised during atherosclerosis.

MATERIALS AND METHODS

Animals

Institutional Animal Care and Use Committee at West Virginia University School of
Medicine approved all experimental protocols. We followed guidelines set forth by the
American Physiological Society and National Institutes of Health regarding the care and use
of laboratory animals. ApoE KO mice with C57 BL/6 background were purchased from
JAX laboratory and were bred in our animal facility. At 8 weeks of age, animals were fed
with a high-fat western-type diet (0.2% cholesterol, 21.2% fat, Harlan Teklad, TD88137) for
12 weeks to accelerate atherosclerotic lesion formation. Mice were housed in a 12:12-hr
light-dark cycle with free access to standard chow and water.

Langendorff-perfused mouse heart preparation

C57 (WT) and ApoE KO mice with HFD (ApoE-HFD, 20-22 wk) of both sexes were
anesthetized with sodium pentobarbital (50 mg/kg of body weight, i.p.) and hearts were
excised into heparinized (5 U/ml) ice-cold Krebs-Henseleit buffer containing (mM) 119
NaCl, 11 glucose, 22 NaHCO3, 4.7 KCI, 1.2 KHoPOy4, 1.2 MgSQy, 2.5 CaCls, 2 pyruvate,
and 0.5 EDTA. After removal of the lung and surrounding tissue, the aorta was rapidly
cannulated with a 20-gauge, blunt-ended needle and continuously perfused with 37°C buffer
bubbled with 95% O, and 5% CO, at a constant perfusion pressure of 80 mmHg. The left
atrium was removed and a fluid-filled balloon made of plastic wrap was inserted into the left
ventricle across the mitral valve. The balloon was connected to a pressure transducer for a
continuous measurement of left ventricular developed pressure (LVDP). The heart was then
immersed in a water-jacketed perfusate bath maintained at 37°C and beat spontaneously.
Left ventricular diastolic pressure was adjusted to 2-5 mmHg. Coronary flow was
continuously measured with an ultrasonic flow probe (Transonic Systems; Ithaca, NY)
placed in the aortic perfusion line. A Power Lab Chart data acquisition system (AD
Instruments; Colorado Springs, CO) was used for data acquisition.

Experimental protocols

Coronary flow concentration response curve (CRC) and reactive hyperemia experiments
were conducted in Langendorff-perfused hearts. In order to eliminate the effect of heart rate
on coronary flow response, each heart was paced at a constant rate (400 beats.min™1) by two
Teflon-coated silver wires (AD Instrument, Colorado Spring, CO) connected to the stainless
steel cannula and through the apical myocardium using a Grass 48 Stimulator (Grass
Medical Instrument, USA). The pulse duration and power was set at 6 millisecond and 4
volts, respectively with a repeated pulse mode. Hearts were allowed to stabilize for 30 min
before baseline flow was measured. Hearts with persistent arrhythmias or a LVDP less than
80 mmHg were excluded from the study. The CRC was performed by infusing increasing
concentrations of A23187 (Sigma-Aldrich, 107°-1075-5 M at a rate of 1% of coronary flow)
into the coronary perfusate using a microinjection pump (Harvard Apparatus, Holliston,
MA\) through an infusion line inserted proximal to the aorta cannula. The working solution
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of A23187 was freshly prepared by diluting DMSO pre-dissolved stock solution in H,O.
The stock solution was used within two days. Each dose was infused for a period that
allowed for a maximum response and was followed by a washout step till the flow fell to
baseline level before another dosing. The effect of L-NAME (nitric oxide synthase inhibitor,
Sigma, 100 uM) on A23187-induced coronary flow response was examined using a
concentration that was close to the ECsq (1076 M) of A23187 (Fig. 2A). In these
experiments, L-NAME was pre-infused for 15 min and was continuously present during the
infusion of A23187.

Reactive hyperemia response (RH) of isolated hearts was examined in WT, ApoE-HFD
mice using the approach described previously [28, 36]. A transient increase in flow was
observed after a 15-second total inflow occlusion. Then, L-NAME or SCH58261 (a
selective Aoa AR antagonist, Tocris Bioscience) was delivered into the aortic perfusion line
to achieve a final concentration of 100 and 1 pM, respectively for 15 min, followed by
eliciting a second hyperemia response. The response of RH was compared before and after
drug treatment. Control experiments were conducted as previously described and showed
similar response in the two RH [36].

Fluorescent immunohistochemical staining of Aoa AR on isolated mouse coronary arteries

Left and right coronary arteries (main and the first branch, 70-150 um) of each animal were
isolated from mouse hearts of WT and ApoE-HFD and were fixed with 2% ice-cold
paraformaldehyde for 30 min, followed by 10 min of permeabilization with 0.1% Triton
X-100. The vessels were then blocked with 5% goat serum for 1 hour before overnight
incubation at 4 °C with an anti-A,a antibody (1:300, mouse monoclonal, Upstate). After
washing with PBS for 1 h, each vessel was incubated with PBS buffer containing Alexa-533
conjugated goat anti-mouse secondary antibodies as well as Drag5 (1 pM, for nuclei
staining, Invitrogen,) for 2 h. The vessels were then mounted on slides for imaging after 1 h
washing with PBS. Zeiss LSM 510 confocal microscope was used to collect images from
two randomly selected segments from the main and first branch. Each stack of images was
acquired by optical sectioning at successive X-Y focal planes with a vertical depth of 1 ym
using Zeiss objective (EC Plan-Neofluar, 40x/1.3/oil DIC) and 1024x1024 scanning format.
The mean FI of each stack of ROIs that cover the area of individual endothelial cells
(determined by the shape of nucleus that longitudinally orientated along the vessel axis) and
smooth muscle cells (cells with nucleus perpendicularly orientated to the vessel axis, Fig. 4)
was quantified using ImageJ [24]. After subtraction of background signal, a mean of the FI
averaged from four ROIs of each vessel segment was calculated and was normalized by the
mean FI of WT animal in both sexes.

Data analysis and statistics

Flow debt (equal to baseline flow rate x occlusion time) and repayment volume (equal to the
integral of hyperemic area above the baseline flow) were calculated using “the integral
relative to baseline” function in the data pad of LabChart 7.0 software. Since absolute
coronary flow rates change proportionally with heart mass and metabolic rate, the repayment
volume and flow debt are represented as ml per gram of wet heart weight (ml/g), and
baseline and peak flow rate data are presented as ml per min per gram of wet heart weight
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(ml/min/g). Values are mean = SE. Each “N” represents the number of animals unless
otherwise indicated. Paired t-test was used for paired data analysis. Two-way ANOVA with
Bonferroni post hoc test was used to compare the dose response curve between groups. A
probability value of p < 0.05 was considered as statistically significant.

Baseline function of isolated hearts from WT and ApoE KO mice with HFD (ApoE-HFD)

Baseline functional parameters of isolated mouse hearts were recorded in a total of 123
animals (WT, M=34, F=32, ApoE-HFD, M=29, F=28). Body weight, heart weight, and
heart/body weight ratio were significantly higher in male vs. female (p<0.05, Table. 1) in
both WT and ApoE-HFD animals. However, no significant difference was observed in the
baseline coronary flow, LVDP, and dP/dt between sexes. ApoE-HFD mice gained more
body and heart weight without alteration of the heart/body weight ratio in both female and
male (Table. 1). Cholesterol and triglyceride levels were significantly higher (925 + 82.2
and 166 £ 27.3 vs. 116 + 14.0 and 83 £ 34.1 in females, and 1209 + 309.7 and 174 + 44.4 vs.
128 + 10.5 and 69 + 18.4 mg/dl in males, p<0.05) in ApoE-HFD vs. WT mice without
significant difference between sexes (N=8 per group, p>0.05). There were no significant
difference in the baseline coronary flow, LVVDP, and dP/dt between ApoE-HFD and WT
animals (p>0.05, Table. 1).

Reduced coronary reactive hyperemia in female, but not in male ApoE-HFD mice

Sex difference in coronary RH was examined in WT and ApoE-HFD mice (N=8 per group).
As described above, baseline flow was comparable between WT and ApoE-HFD mice
without sex difference. However, repayment volume, peak hyperemic flow rate, as well as
repayment/debt ratio were significantly reduced in female from 8.1 + 0.31, 38.1 + 0.74, and
2.2+0.081t05.9 £ 0.42 ml/g, 34.4 £ 1.49 ml/min/g, and 1.5 £+ 0.09, respectively (p<0.05,
Fig. 1B,C&D). In contrast, there was no significant reduction in RH in male ApoE-HFD
compared with WT mice (Fig. 1).

Female instead of male ApoE-HFD mice showed a decreased A23187-induced NO-
dependent coronary vasodilation

NO is an important mediator responsible for coronary vasodilation. To determine whether
the sex difference in the reduction of coronary vasodilation in ApoE-HFD was associated
with NO-dependent mechanism, A23187-induced coronary flow response was compared
between male and female in WT vs. ApoE-HFD mice. In WT mice, A23187 induced a
similar dose-dependent increase in coronary blood flow between female and male (ECsg=
3.0+1.2vs 2.3 +0.8%x1077 M, Eax=33.4 + 2.2 vs. 39.2 + 2.2 ml/min/g in male and female,
respectively, N=5 per group, p>0.05). However, a right shift of the concentration response
curve (CRC) of A23187 from WT was observed in female but not in male ApoE-HFD mice
(Fig. 2A&B). Eax significantly decreased from 39.2 = 2.2 to 25 + 3.4 ml/min/g, and ECsg
increased significantly from 2.3 + 0.8x1077 to 1.3 + 0.5 x10~6 M (N=5 per group, p<0.05)
in female ApoE-HFD mice. A23187 induced a moderate, but not significant increase in
LVDP in both WT and ApoE-HFD (p>0.05, Fig. 2A&B) animals. No significant difference
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in LVDP response was observed between sexes as well as between WT and ApoE-HFD
animals (Fig. 2A&B).

NO-dependency of A23187-induced coronary flow response was confirmed in six WT
animals (equal sex) using L-NAME (100 pM). L-NAME decreased the baseline flow from
15.6 + 0.54 to 12.3 + 0.83 ml/min/g and significantly attenuated the A23187 (10765 M)-
induced flow increase to a similar extent in female and male (Epay decreased from 28.2 +
2.2 t0 18.5+ 0.43 ml/min/g in male, and from 31.5 £ 3.4 to 19.6 + 0.24 in female, Fig. 2C).

To exclude the possibility that the sex-associated difference in coronary vasodilation during
atherosclerosis is non-endothelial-dependent, nitroprusside (SNP, 107> M)-induced coronary
flow response was compared between male and female WT (F, N=8, M, N=10) vs. ApoE-
HFD (F, N=7, M, N=8) mice. SNP increased the coronary flow to a similar extent in WT
male (by 184.5 + 7.43%) and female (by 184.7 £ 9.87%) vs. ApoE-HFD male (by 185.2 +
11.8%) and female (by 182.9 + 12.1%) mice (p>0.05, Fig. 2D).

Less NO-dependent, but more A,p AR-dependent mechanism in coronary flow regulation
in ApoE-HFD vs. WT mice

NO and Aya AR play essential roles in coronary RH in isolated mouse hearts [35,36]. To
determine whether the sex difference in coronary RH in ApoE-HFD was associated with
alterations in NO and/or Apa AR-dependent mechanisms, coronary flow under resting
condition and during RH was compared in female and male WT vs. ApoE-HFD mice with
or without L-NAME and SCH58261 (a selective A,a AR antagonist). Under resting
condition, L-NAME decreased the flow by a similar extent in females vs. males in both WT
(baseline flow reduced from 15.9 + 0.51 to 11.3 + 0.44 ml/min/g, by ~29% in males, and
from 15.0 £ 0.72 to 10.5 £ 0.41 ml/min/g, by ~30% in females) and ApoE-HFD mice
(baseline flow reduced from 16.0 £ 0.54 to 13.2 + 0.52 ml/min/g, by ~18% in males, and
from 16.3 £ 0.75 to 13 £ 0.40 ml/min/g, by ~20% in females, N=4 per group, Fig. 3A&B).
However, the extent of reduction by L-NAME was significantly less in ApoE-HFD than that
in WT mice (by ~20 and 18% vs. ~30 and 29% reduction in females and males, respectively,
p<0.05, Fig. 3A&B). In contrast, SCH58261 reduced the baseline flow to a greater extent in
ApoE-HFD than in WT mice without sex difference (by~25 and 23% vs. ~14 and 13% in
females and males, respectively, N=4 per group, p<0.05, Fig. 3A&B).

During RH, L-NAME reduced the repayment volume and repayment/debt ratio by a similar
extent in female and male WT mice. Repayment volume and repayment/debt ratio was
reduced from 8.1 + 0.31 ml/g and 2.1 + 0.11, to 3.5 + 0.42 ml/g (by ~57%) and 1.2 £ 0.12
(by ~43%) in females, and from 8.4 £ 0.25 ml/g and 2.0 £ 0.08, to 3.3 + 0.36 ml/g (by
~61%) and 1.1 £ 0.15 (by ~45%) in males, respectively (no significant difference in the
percentage of inhibition by L-NAME between males and females, p>0.05, Fig. 3C&D).
However, in ApoE-HFD mice, L-NAME reduced the RH to a lesser extent in females
compared with males and showed less inhibition of RH in both sexes of ApoE-HFD
compared with WT animals. L-NAME reduced repayment volume and repayment/debt ratio
by ~17 and 6% in female vs. by ~45 and 27% in male ApoE-HFD mice (p<0.05, Fig. 3C, D,
E, and F). In contrast, SCH58261 inhibited the RH to a greater extent in ApoE-HFD versus
WT mice, but showed no sex difference. Repayment volume was reduced by ~51% vs.
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~38% in female, and by ~53% vs. 36% in male, in ApoE-HFD compared with WT animals
(p<0.05, Fig. 3C&D). Repayment/debt ratio was decreased by ~44% vs. ~29% in female,
and by ~45% vs. 25% in male in ApoE-HFD compared with WT mice (p<0.05, Fig. 2E&F).

Increased Az AR expression in both male and female ApoE-HFD mice

To examine whether the increased A,paAR-dependency in coronary RH was associated with
Ao AR up-regulation, Aoa AR expression was compared between WT and ApoE-HFD in
both sexes (N=4 animals per group with 2 vessels per animal and 2 segments per vessel).
There was no significant difference in Ao AR expression between left and right coronary
artery, and between the main (mean diameter=148 + 10.3 um) and first branches (92 + 9.5
um). A significantly enhanced Aa AR fluorescence staining in both endothelial cells (ECs)
and smooth muscle cells (SMCs) of isolated coronary arteries was observed in ApoE-HFD
mice (3.2 + 0.22 and 2.7 +£0.22 fold increase in ECs, and 3.4 £ 0.57 and 2.3 + 0.22 fold
increase in SMCs, in females and males, respectively, Fig. 4, p<0.05). No sex difference in
Aoa AR up-regulation was observed (p>0.05). The main and first branch of coronary artery
showed similar extent of Ao AR up-regulation in ApoE-HFD animals in both sexes (3.1 £
0.32 vs. 3.1 £ 0.23 fold increase and 2.7 £ 0.6 vs. 3.2 + 1.13 fold increase in female, and 2.5
+0.66 vs. 2.8 £ 0.18 and 2.3 £ 0.11 vs. 2.3 + 0.34 fold increase in male, in ECs and SMCs of
the main compared with the first branch, respectively, p>0.05).

DISCUSSION

In the current study, using Langendorf-perfused hearts, we demonstrated a significant sex
difference in atherosclerosis-related endothelial dysfunction in coronary circulation of ApoE
KO mice. In contrast to the concept that females tend to be protected against cardiovascular
diseases due to the protective role of estrogen [3, 7, 9, 11, 25], our findings indicate that
females appear to be more susceptible to NO-dependent coronary endothelial dysfunction, in
agreement with the increasingly accumulated clinical evidence showing a higher mortality
rate and cardiovascular events in women patients with ischemic heart diseases [1, 21, 30].
Interestingly, a comparable up-regulation of Aya AR in both male and female animals was
observed in the coronary vasculature, and pharmacological blockade of Aoa AR by
SCH58261 unmasked the decreased coronary ischemic vasodilation caused by impairment
of NO-dependent mechanism in male and aggravated endothelial dysfunction in female
ApoE KO-HFD mice, suggesting a compensatory role of Apa AR-mediated signaling in
counteracting the decreased NO-dependent coronary reactive hyperemia during
atherosclerosis. Our data suggest that the more impaired NO-mediated signaling, rather than
a less compensatory role of Aoa AR in coronary vasculature is responsible for the reduced
coronary RH in ApoE KO mouse model of atherosclerosis.

ApoE KO mouse has been considered the best available model for atherosclerosis due to its
similarity in lesion formation to humans.[15] In the current study, ApoE KO mouse fed with
western diet for 12 weeks showed a ~9 and 2 folds increase in total cholesterol and
triglycerides, respectively, concomitant with accelerated lesion formation compared with
WT mice [33]. There was no significant difference in the cholesterol and triglyceride levels
between female and male ApoE-HFD mice, suggesting that the sex difference in endothelial

Microcirculation. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 8

dysfunction in ApoE-HFD mice is not a result of the different lipid profile between sexes.
However, one previous study reported that while no sex difference in HDL level was
observed on C57BL/6 fed with normal chow, female showed a 50% decrease in HDL
compared with male when fed with atherogenic diet (1.25% cholesterol, 15% fat, and 0.5%
cholic acid) and was correlated with more total lesion area, [20] suggesting that sex may
affect the HDL level, thus leading to the sex difference in atherosclerosis. In our previous
study, we failed to observe any sex difference in lesion size and surface area in the aortic
root, aortic arch, and innominate arteries in ApoE-HFD mice [33], suggesting that the sex
difference in coronary endothelial dysfunction observed in the current study appears not to
be a result of lipid profile-mediated difference in lesion formation.

Numerous evidences indicate that endothelial dysfunction plays an important role in the
pathophysiology of atherosclerosis.[16, 23] While majority of studies regarding the effect of
hyperlipidemia/atherosclerosis on vascular reactivity were conducted on conductance
vessels, limited information is available in coronary resistance vessels. In the current study,
using whole heart preparation to study combined vascular function in both conduit arteries
and resistance microvessels, we demonstrated that female ApoE-HFD mice are more prone
to NO-dependent endothelial dysfunction compared with male. This is based on the
observations that: 1) reduction in coronary RH (Fig. 1) and A23187-induced increase in
coronary flow occurred only in female, but not in male ApoE-HFD mice; and 2) SNP (NO
donor)-induced endothelial-independent coronary vasodilation was unaffected in ApoE-
HFD animals. In line with our results, previous studies on mesenteric and cerebral resistance
vessels from ApoE KO mice fed on either normal or western diet reported that while female
had an impaired Ach-induced relaxation despite the absence of atherosclerotic lesions, [5,
12] male had a preserved endothelial function. These experimental data support the
accumulating clinical evidence that women with lower burden of obstructive coronary artery
disease and preserved systolic function, tend to have a greater rate of myocardial ischemia
and near-term mortality rate compared with men after adjustment with age and other risk
factors [30]. Therefore, it appears that endothelial dysfunction in the coronary
microcirculation, rather than in big conductance arteries may play a more critical role in the
pathophysiology of cardiac ischemia disease in women.

Although the underlying mechanisms responsible for the sex difference in coronary
endothelial dysfunction are not clear, our data suggest that a more severely impaired NO-
dependent signaling in females vs. males is involved. This concept is supported by our data
that NO-dependent coronary flow increase by A23187 was diminished in female ApoE-HFD
mice (Fig. 2A&B) and L-NAME (NOS inhibitor) abolished the sex difference in coronary
RH (Fig. 3C, D, E&F). Notably, although L-NAME reduced the RH to a lesser extent in
female vs. male, no sex difference in the effect of L-NAME on the baseline coronary flow
was observed (baseline flow was reduced by ~18% vs. ~20% between male and female in
ApoE-HFD animals, Fig. 3A&B), suggesting that an impaired eNOS signaling during
endothelial stimulation rather than a decrease in tonic eNOS activity is responsible for the
sex difference in NO-dependent endothelial dysfunction. However, how sex affects the
eNOS signaling, e.g., effect of estrogen on eNOS expression, endothelial Ca2* signaling,
eNOS activity, and/or NO bioavailability [6, 16] in coronary vasculature under
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hypercholesterolemia/atherosclerosis condition, remains to be further explored. A recent
study on young women diabetic patients reported that endogenous estrogen contributed to
the reduced flow-mediated vasodilation through an increased ROS production in brachial
arteries [34], indicating that in contrast to the protective role of estrogen against
cardiovascular diseases under physiological conditions, estrogen may exert detrimental
effects in the cardiovascular system under disease conditions where a constant state of
oxidative stress exists. Therefore, further studies to examine the sex difference in ROS
production in coronary vasculature under resting and during RH in ApoE-HFD animals will
provide better understanding of the underlying mechanisms.

Adenosine has been demonstrated to play important roles in coronary flow regulation,
particularly under ischemic conditions [2, 10, 13, 28]. Clinical study on CAD patients
suggested that increased adenosine signaling may be a compensatory mechanism to maintain
normal cardiac perfusion when NO-dependent vasodilation is impaired [17]. In support of
this concept, the current study showed that atherosclerotic mouse hearts with decreased NO-
dependent vasodilation had an up-regulated Asa AR in both endothelium and smooth
muscle cells of the coronary vessels (Fig. 4). Functionally, CGS21680 (a selective Ay AR
agonist) induced an enhanced coronary flow increase [32], and SCH58261 (a selective Aga
AR antagonist) reduced coronary baseline flow and repayment volume to a greater extent in
ApoE-HFD vs. WT mouse (Fig. 3). In consistence with these findings, our unpublished in
vivo data using pulse-wave Doppler ultrasound study showed an enhanced CGS21680-
induced coronary flow increase in ApoE KO (coronary reserve=3.4 + 0.34, N=8) vs. WT
(coronary reserve=2.6 + 0.31, N=8 with equal number of each sex) mice without sex
difference. In addition, blockade of A, AR unmasked the reduced coronary RH due to the
impaired NO-dependent vasodilation in male ApoE-HFD mice and further attenuated the
already compromised RH in female ApoE-HFD animals (Fig 3C, D, E, &F). Collectively,
our data suggest that the enhanced A, AR-mediated flow regulation appears to be an
important compensatory mechanism to oppose the impaired NO-dependent coronary
vasodilation, thus maintaining a normal cardiac perfusion during RH. In regards to the effect
of sex on the A,a AR-mediated compensatory role in coronary flow regulation, the
comparably up-regulated Aop AR (Fig. 4) and similar extent of reduction in RH by
SCH58261 (Fig. 3C, D, E, &F) in females vs. males suggest the absence of sex difference in
the functional up-regulation of Aoa AR in ApoE-HFD mice. Therefore, the observed sex
difference in the coronary endothelial dysfunction in atherosclerotic mice seems to be
contributed by a more severely impaired NO-mediated signaling, rather than the difference
in the Aoa AR-mediated signaling.

It should be pointed out that there are some concerns regarding the translational value of our
findings due to the limitation of our current experimental model. Firstly, although the buffer-
perfused isolated hearts preparation allows us to exclude the effects of neuro-humoral and
blood components on coronary flow regulation, it cannot clearly separate the contribution of
shear and/or pressure-induced coronary flow changes from the local metabolic effects. In
this case, hemodynamic alterations due to coronary vascular phenotypic changes, coronary
collateral circulation, and/or stenosis-associated “coronary steal” in atherosclerotic vs.
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normal mice may complicate the explanation of the current findings. Secondly, continuously
oxygenated (95% O,) Krebs buffer used in isolated hearts has much less oxygen carrying
capacity than blood, which may not mimic the in vivo situations in humans. However, using
the same preparation, we previously demonstrated a correlation between increase in
coronary flow and an enhanced myocardial oxygen consumption (MVVO,) after the hearts
were paced from 400 to 600 bpm [35]. Additionally, coronary flow increased more than two
folds over baseline after 15-sec flow occlusion (Fig. 1A) [29, 36]. Therefore, the buffer-
perfused isolated hearts preparation only indicates a minimum hypoxia. Nevertheless, due to
the relatively lower myoglobin oxygen saturation in buffer-perfused hearts [26], the cardiac
interstitial adenosine level might be higher compared with blood-perfused hearts, which may
overestimate the role of adenosine in modulating resting coronary blood flow in our model.
Additionally, the isolated whole heart preparation does not allow us to dissect out the
different contribution of pathological changes in big conduit arteries vs. microvasculature to
the sex-associated difference in coronary flow regulation during atherosclerosis. Lastly, due
to the relatively low animal numbers (3—10 animals per group) in this study, there is a risk of
losing power to detect the true differences between groups, thus complicating the
explanations of our findings.

PERSPECTIVES

In summary, using isolated hearts of murine ApoE KO model of atherosclerosis, the current
study provided the first line of evidence that female mice is more prone to NO-dependent
coronary endothelial dysfunction compared with male mice. In addition, a functional up-
regulation of Apa AR-mediated signaling may serve as an important compensatory
mechanism to oppose the decreased NO-dependent coronary vasodilation during
atherosclerosis. While this compensatory mechanism is sufficient to maintain normal
coronary vasodilation during short period of ischemia in males, the same mechanism fails to
rescue the more severely impaired NO-dependent coronary vasodilation in females. The
more severely impaired coronary vascular dysfunction in females may explain the clinical
evidence that female patients with ischemic heart disease tend to have a higher mortality rate
and cardiovascular events compared with male patients. Though the underlying cellular and
molecular mechanisms involved in the sex difference in coronary vascular dysfunction
under atherosclerosis are not fully illustrated in the current study, the findings of this study
will shed new light on the sex-based pathophysiology of coronary artery disease in humans.
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Figure 1.

M

Sex differences in coronary RH in ApoE KO mice fed with high fat diet (ApoE-HFD). A)
Representative tracings of coronary flow changes over time after a 15-sec no flow occlusion
in isolated hearts of WT vs. ApoE-HFD mice of both sexes. Summarized sex difference in
repayment volume (B), peak hyperemic flow rate (C), and repayment/debt ratio (D) in WT

and ApoE-HFD mice (*p<0.05 vs. female WT).
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Figure 2.
Sex differences in A23187-induced coronary flow responses in ApoE-HFD mice.

Concentration response curve for A23187 (10~9~1075 M)-induced changes in coronary
flow (upper panel) and LVVDP (middle panel) in female (A) and male (B) WT vs. ApoE-
HFD mice (N=5 per group, *p<0.05 vs. WT). C) Summarized effect of L-NAME (100 uM)
on A23187 (10765 M)-induced coronary flow response in WT female and male mice (N=3
in each group, *p<0.05 vs. control, #p<0.05 vs. A23187 in each group). D) Summarized
coronary flow response after infusion of sodium nitroprusside (SNP, 107> M) in female and
male WT (F, N=8, M, N=10) vs. ApoE-HFD mice (F, N=7, M, N=8).
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Summarized effect of L-NAME (NOS inhibitor, 100 uM) and SCH58261 (selective Aop AR
antagonist, 1 pM) on baseline coronary flow (A) and % of inhibition (B) of isolated mouse
hearts from female and male WT vs. ApoE-HFD mice (N=4 per group). C-F) Summarized
effect of L-NAME and SCH58261 on coronary repayment volume (C, the absolute coronary
flow, D, % of inhibition), and on repayment/debt ratio (E, the absolute coronary flow; F, %
of inhibition) in WT vs. ApoE-HFD mice. *, #, and &p<0.05 vs. control, L-NAME, and
SCH58261 treatment in female WT mice, respectively; $p<0.05 vs. L-NAME treatment in
female ApoE-HFD mice.
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Figure 4.

Aoa AR expression in isolated coronary arteries of WT and ApoE-HFD female and male
mice. A) Representative confocal immunofluorescence images showing the expression of
Aoa AR (red) on isolated coronary arteries from WT and ApoE-HFD in female (first two
columns) and male (3" and 4" columns) mice (N=4 animals, 16 vessel segments per group).

Confocal images at focal planes with more smooth muscle cells (SMCs, with nuclei

orientated perpendicularly to the vessel axis, 15t row) or endothelial cells (ECs, with nuclei
orientated longitudinally to the vessel axis, 2"d row) were illustrated at the upper and lower
panel, respectively. Summarized quantitative data of Aop AR expression on SMCs (B) and

ECs (C) of isolated coronary arteries from female and male WT vs. ApoE-HFD mice,
*p<0.05 vs. WT. Scale bar represents 50 pm.
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Table 1
Baseline functional data of isolated hearts from WT and ApoE KO mice fed with western high fat diet (ApoE-
HFD).
WT ApoE-HFD
M F M F
No. of animals 34 32 29 28
Age, weeks 22+0.3 22+0.2 22+0.4 22+0.1
Body weight, g 21£03  23:+03"  31+03"  26:02%&
Heart weight, mg 12823 97 +26" 150 +54° 112+34"#&
Heart-to-body weight ratio, %  0.47+0.01 (40 +001* 048+0.02 (43+0.01"#
Coronary flow, ml/min/g 158+040 150052 16.0+0.43 16.2+0.55
LVDP, mmHg 106 +4.2 105+3.0 110 £ 4.5 101+ 3.6
Positive dP/dt, mmHg/s 4875+ 368 4132+446 4901 + 521 4151 + 507
Negative dP/dt, mmHg/s 4553 +342 3803 +532 4066 + 321 3945 + 226

p<0.05 vs. WT male,

#p<0.05 vs. ApoE-HFD male,

&p<0.05 vs. WT female

Microcirculation. Author manuscript; available in PMC 2016 October 01.



